Ammonia has been proposed as an indirect hydrogen carrier, as solid-state ammonia-storage could be easier than directly absorbing hydrogen in materials. Here we investigate the structural evolution of hyper-ammoniated lithium fullerides (ND 3 ) y Li 6 C 60 during ammonia desorption, using in-situ high intensity neutron powder diffraction. In (ND 3 ) y Li 6 C 60 , ammonia molecules are stored in their neutral state inside the inter-fullerene interstices and are coordinated to the intercalated Li ions, forming Li-ND 3 clusters. Li 6 C 60 is found to absorb up to 36.8 wt% ND 3 , which corresponds to approximately 14 ammonia molecules per C 60 . The ammonia release, studied either in-situ or ex-situ by means of manometric analyses and differential scanning calorimetry, takes place in two main steps, at 350-410 K and 500-540 K, respectively. This corresponds to two clear 1 st order structural phase transitions and the absorption process is partially reversible. These findings suggest that the system could be a good candidate for ammonia-storage applications.
Introduction
The depletion of oil reserves and the environmental damage caused by burning fossil fuels represent major global issues, which could be overcome by switching to the so-called "Hydrogen economy". 1 Hydrogen is a very efficient energy vector, able to deliver three times the energy of other chemical fuels and burns without emitting greenhouse gases. 2 However, one of the main problems with hydrogen is the development of an efficient hydrogen-storage system, especially for automotive applications. Among the solutions proposed, the best performance is reached by loading hydrogen in solid-state materials, but so far none of these are able to meet the technical targets imposed by industry and the Department of Energy (US DoE). 3 In this context, the feasibility to use ammonia as a hydrogen carrier represents an interesting alternative, since ammonia is easy to synthesize and allows high H 2 storage capacity (up to 18 wt% in liquid NH 3 ). 4 Currently, ammonia is mainly produced by reacting atmospheric nitrogen with the hydrogen contained in natural gas, through the Haber process; 5 but other sources, such as coal or coke gasication, are available, which, in combination with CO 2 sequestration, could in principle offer a long-term ammonia production at zero emission. 4 In contrast to hydrogen, even though liquid NH 3 is more toxic than common hydrocarbons, infrastructure for handling and transporting bulk ammonia are already well-established and developed. Nevertheless, especially for mobile applications, hazards associated with ammonia use should be further reduced ideally being a safer solution than gasoline. These hazards can in principle be lowered by storing ammonia in solid systems, such as metal ammines, which are able to reversibly absorb/desorb ammonia gas, provided at elevated temperatures. 6 Use of NH 3 as a fuel can be direct, for instance by feeding ammonia straight into solid oxide fuel cells (SOFC), 7 or indirect, through the catalytic decomposition of ammonia 8 at high temperatures (300-500 C) and using hydrogen as an energy source.
Notably, some common solid ammonia containing systems nd direct use as hydrogen-storage materials, for example, ammonia borane (NH 3 BH 3 with 19.6 wt% H 2 ), 9 or the ammonia complexes of borohydrides (LiBH 4 $nNH 3 with 18 wt% H 2 , Mg(BH 4 ) 2 $nNH 3 with 16 wt% H 2 ). 10, 11 This is because in these compounds the thermal decomposition usually causes the recombination of the N-H and B-H groups (followed by H 2 emission), rather than the release of pure ammonia. It is worth noting that this recombination makes the H 2 -storage irreversible in these systems. The situation is different in the case of metal ammine complexes M(NH 3 ) n X m , where M is a metal cation (e.g. Mg, Ca, Ni) and X is an anion (e.g. Cl, SO 4 ). Metal ammine complexes 6, 12 were reported to reversibly store up to 10 wt% NH 3 , although the complete ammonia release occurs at temperatures too high for practical applications, i.e. up to 650 K. More recently, the complex Li 2 B 12 H 12 was found to catch seven NH 3 molecules and to completely release them below 473 K, corresponding to 43.4 wt% NH 3 stored under mild conditions. 13 Another noteworthy compound is LiBH 4 , forming four stable ammoniated species. 14 In particular, the monoammoniated phase of lithium borohydride contains 44 wt% ammonia and was reported to release ammonia at the accessible thermal decomposition temperature of just 313 K, although it presents a minor equilibrium NH 3 vapour pressure (8.4 mbar) at room temperature. 15 Different approaches, based on the NH 3 physisorption in highly porous materials, like covalent organic frameworks (COFs), led to lower storage performance, up to 25.5 wt% ammonia stored at 1 bar. 16 Recently, alkali intercalated fullerides (AIFs) have attracted some interest in the eld of solid energy storage, for their ability to reversibly absorb hydrogen with favourable binding energies. [17] [18] [19] In the case of hydrogen, the storage mechanism occurs through the chemical bond of H atoms on the C 60 molecule (formation of the hydrofullerene C 60 H x ), which is mediated 20 by the catalytic activity of the intercalated alkali (lithium, sodium) clusters [21] [22] [23] [24] and can be optimized by the presence of catalysers. 25, 26 The ability of AIFs to react with ammonia is another wellknown phenomenon. 27, 28 Typically, NH 3 molecules can be cointercalated in the AIF lattice interstices directly during the synthesis stage, from the reaction of C 60 with the alkali metal (e.g. Li, Na, K) in ammonia solution, 29 or by exposing the prepared AIF to ammonia vapours. 30 Ammonia acts as a neutral spacer for the fulleride lattice and coordinates with the alkali ions. 31, 32 The induced lattice expansion dramatically affects the electronic and magnetic properties of the metallic highlycorrelated AIF phases, which generally lie on the verge of a metal-to-insulator transition. 33 However, despite the intense research activity on these compounds, so far there have been no investigations on these systems for ammonia-storage purposes.
In this work, the ND 3 desorption as a function of the temperature of the ammoniated phases of lithium fulleride (ND 3 ) y Li 6 C 60 is investigated using neutron powder diffraction (NPD). The structural evolution of the compound was, in addition to the NPD data, followed by the in-situ monitoring of ammonia release via a Sievert apparatus directly connected to the sample-holder. Ex-situ manometric measurements and differential scanning calorimetry (DSC) analyses were also performed, in order to precisely determine the thermodynamic properties of this system.
Experimental

Synthesis
The hyper-ammoniated lithium fullerides (ND 3 ) y Li x C 60 , with x ¼ 3, 6, and 12, were prepared as follows. First, approximately half-gram of Li x C 60 was synthesized by mixing stoichiometric amounts of nely cut metallic Li (Aldrich, 99.9% purity) and C 60 powder (MER corp., 99.9% purity) via high-energy ball-milling. Specically, the reagents were put in a 10 mL agate bowl of a mini-mill Fritsch Pulverisette 23 with three agate grinding-balls and were milled for 30 min at 30 Hz in an Ar atmosphere (<0.1 ppm H 2 O, O 2 ). Aer this step, a homogeneous black powder was obtained, which was placed in a Pyrex Schlenk vial under vacuum in thermal contact with a methanol bath at 213 K and anhydrous deuterated ammonia (ISOTEC INC , min 99 atom% D) was slowly condensed on the sample. The temperature was then increased to 243 K and the mixture was kept overnight under continuous magnetic stirring. Following this reaction, excess ammonia in the reactor was slowly condensed back into a bottle dipped in liquid N 2 , nely regulating the evaporation with a needle valve and progressively increasing the temperature from 243 to 273 K. Aer the complete evaporation of ND 3 gas, the reactor containing the ammoniated sample was sealed and quickly put in an Ar glove box and the product was recovered from the vial.
Methods
Preliminary X-ray powder diffraction (XPD) measurements were performed with a Bruker D8 Discover diffractometer, operating in Debye-Scherrer geometry, equipped with a CuK a sealed tube generator and a 2D area (GADDS) detector.
NPD experiments were performed on the three obtained hyper-ammoniated lithium fullerides (ND 3 ) y Li x C 60 at the high-ux powder diffractometer WOMBAT, 34 at the Bragg Institute of the Australian Nuclear Science and Technology Organisation (ANSTO, Sydney, Australia), using an incident wavelength of l ¼ 2.9654(2)Å, determined using the La 11 B 6 NIST standard reference material 660b. The high neutron ux intensity on this instrument meant that the typical accumulation time of each pattern was on the order of 1 min. Samples were loaded in vanadium cells equipped with a gas delivery tube and isolation valve. Sample loading was performed in a He glove-box with <0.1 ppm H 2 O and O 2 . The gas delivery tube was then connected with a Hiden Isochema IMI gas-delivery system, able to perform in-situ Sievert analysis of the ND 3 desorption process. During the experiment, ND 3 desorption was induced by gradually increasing the temperature of samples, which was varied in the range of 15-500 K using a cryofurnace on the sample position. The temperature was controlled via a k-type thermocouple at the base of the sample cell, with a second thermocouple attached to the cell above the sample level for monitoring purposes.
Samples synthesized at the same conditions starting from natural ammonia (Aldrich, 99.99+% purity) were investigated in parallel with ex-situ manometric/DSC analysis at the Pavia H 2 lab, by heating the sample from room temperature up to 653 K under 0.3 bar of He at 5 K min À1 in a high pressure cell of a Sensys DSC (Setaram) connected with a PCTPro-2000 manometric instrument (Hy Energy-Setaram). This was undertaken in order to better determine the thermodynamic parameters of the NH 3 release process.
Results and discussion
Preliminary XPD data collected either on the Li-only intercalated fulleride precursors, or on the hyper-ammoniated (ND 3 )y Li x C 60 samples, revealed strong differences among them (see ESI, Fig. 1S †) . The former shows the expected fcc pattern prole, 25 with the absence of unreacted C 60 or Li. On the other hand, in the latter the shi of the reection to lower 2q values is indicative of the effective co-intercalation of the ammonia molecules in the host fulleride lattice. In order to quantify the ND 3 concentration in the samples, the weights were compared before and aer the ammoniation process. In the case of x ¼ 6 the nominal stoichiometry was found to be (ND 3 ) 13 ,99(15) Li 6 C 60 , corresponding to 36.8 (3) wt% ND 3 absorbed by the sample.
Structural thermal evolution
In Fig. 1 right, a colour map showing the evolution of the neutron powder diffraction patterns for the (ND 3 ) y Li 6 C 60 sample is displayed as a function of temperature. It is possible to identify at least four distinctive regions, corresponding to the three different structural phase transitions, that the Li intercalated fulleride experiences when different amounts of ND 3 are co-intercalated in the sample. In Fig. 1 le, the thermal evolution of the normalized total counts (i.e. the neutron total counts measured by the detectors, normalized to the incident neutron ux) is shown (red curve), which is approximately proportional to the mass of the sample and follows well the structural evolution. Concomitant with the phase transitions, a decrease of the mass of the sample is noted and this is ascribed to the ammonia release. The normalized total counts are plotted together with the effective ND 3 stoichiometry of the sample (black curve), monitored by in-situ manometric measurements, performed by continuously monitoring the pressure of a reference vessel. This forms a closed system with the sample vessel and was monitored during the whole desorption process. In order to keep the ammonia pressure on the sample roughly constant and to avoid perturbations of the desorption process itself, the manifold was manually evacuated when the pressure overcame the value of 1 bar (aer isolating the sample vessel). Hence, the black curve shown in Fig. 1 was obtained by measuring the cumulative pressure during the desorption process, discarding the evacuation stages. This value is approximately proportional to the amount of ammonia released and resulted in a value of around 14 ammonia molecules per formula unit absorbed in the hyper-ammoniated phase, which is in good agreement with the weighted value.
For the sake of clarity, selected diffraction patterns of the four regions are plotted in separate panels displayed in Fig. 2 . Below room temperature, the diffraction pattern consists of a set of broad peaks, superimposed to few narrower ones. Although not indexed, the broad peaks were ascribed to the 35 which is present as the minority phase in the sample (<2 wt%).
At around 350 K, the rst phase transition occurs, indicated by a slight rearrangement of the fulleride cell parameters, which is probably associated with a small amount of ammonia released by the sample. The reections were successfully indexed to a hexagonal cell, containing about 12 ND 3 molecules per C 60 (phase 1-hcp, a ¼ 10.86(1)Å, c ¼ 18.57(1)Å, g ¼ 120 ,
A more dramatic structural transition is found at 410 K, when the powder pattern starts to change, with new peaks arising in the region at 30 < 2q < 50 . At the same time, the total counts rapidly decrease, indicating a signicant loss of the sample mass. At 470 K this second phase transition is complete and all the observed reections are indexed to a bcc phase, isostructural to the already known Mott-Hubbard insulating phase of (NH 3 ) 6 Li 3 C 60 (phase 2-bcc, S.G. Im 3, a ¼ 11.92(1)Å, V cell ¼ 1742(6)Å 3 À V C 60 ¼ 871(3)Å 3 ). 29, 32 It is worth noting that at this stage (above 470 K) the peaks referred to LiND 2 are no longer present, even if the melting point and the decomposition temperature of the LiND 2 phase are expected at a much higher temperatures (648 and 973 K respectively). This fact, which was not observed in the other investigated samples (see ESI, Fig. 2S †) , could be due to a chemical reaction occurring between the segregated Li amide and the fulleride, similarly to what observed in case of hydrides. 18 The bcc phase appears stable for a wide range of temperatures, against a continuous loss of mass probed by the neutron total counts; during this stage the estimated amount of ammonia ranges between 7 and 5 ND 3 molecules per C 60 .
Finally, at 500 K a third structural phase transition is observed, which suddenly brings to a fcc rearrangement of the fullerene packing, similarly to what is observed in pristine Li 6 17, 25 This phase is compatible with an ammonia-free structure. The comparison between the mass before and aer the experiment, in fact, reveals a loss of about 26.7 wt%, which corresponds to the complete desorption of ammonia from the sample. A more precise determination of the parameters describing the ammonia release process is discussed below, through the analysis of manometric/DSC data collected ex-situ (see also Table 1 ).
Similar neutron powder diffraction measurements were performed on (ND 3 ) y Li x C 60 samples with x ¼ 3 and 12 and data were shown in Fig. 2S of the ESI. † However, in these cases the ammonia-storage performance was revealed to be worse if compared with Li 6 C 60 . In particular, for (ND 3 ) y Li 3 C 60 , the amount of co-intercalated ammonia turned out to be signicantly lower, on the order of 10 wt%. This is most likely due to the lack of formation of a hyper-expanded ammoniated phase in this case. Moreover, the complete desorption of ammonia was not reached during the in-situ thermal treatmenteven at 500 K the sample still shows the bcc arrangement.
On the other hand, in the case of (ND 3 ) y Li 12 C 60 the behaviour is similar to (ND 3 ) y Li 6 C 60 , even if a rather large amount of LiND 2 is present. The increase in the LiND 2 content at this composition is due to the partial reaction of Li with ND 3 during the ammoniation process. The peaks ascribed to LiND 2 remain during the whole thermal treatment (see Fig. 2S †) and allowed us to estimate the amide amount in the sample at about 12 wt%. Such an amount clearly affects the effective stoichiometry of the Li fulleride, which aer corrections, turns out to be Li 6.7(5) C 60 , where part of the Li is involved in the formation of the amide phase. Notably, this fact also suggests an upper limit for the Li stoichiometry of the ammoniated (ND 3 ) y Li x C 60 phases, with x around 6.
Ex-situ NH 3 desorption
Desorption of ammonia in (NH 3 ) y Li 6 C 60 was also monitored with ex-situ manometric/DSC coupled measurements, in order to further understand the discharge process. In Fig. 3a , the evolution of the amount of ammonia desorbed from the sample is shown as a function of temperature, in the range 300-650 K. Temperature was increased at a rate of 5 K min À1 and the pressure in the sample chamber was kept constant at 0.3 bar, by means of a gas-ow controller. Two steps of mass loss, at around 350 K and 535 K, respectively, are visible and correspond to the two structural hcp-bcc and bcc-fcc phase transitions discussed above.
The observed transition temperatures are slightly different with respect to those observed in the in-situ NPD experiment, but such discrepancy can be easily rationalized by taking into account the different sample environment, which in this case allowed a more precise control of the thermodynamic parameters. The amount of ammonia released in the two processes is roughly the same and corresponds to about six NH 3 molecules per C 60 . Therefore, these ndings conrm the results of the insitu manometric analysis. DCS data indicate that the two desorption processes are endothermic, as expected.
The peak at 350 K appears broader than the one at 535 K, probably due to the more complex release mechanism of the rst process, which actually involves two structural phase transitions (from phase 0 to phase 1 and from phase 1 to phase 2). From the peak area an estimate of the binding-energy of the released ammonia molecules was calculated. This ranges between 24 and 28 kJ mol À1 NH 3 , a value signicantly lower than the binding energy of Li-NH 3 clusters reported in the literature (see also discussion below). 36 
Discussion
It is well known that the ammonia molecule has the ability to co-intercalate into AIFs and to act as a neutral spacer for the host fullerene lattice. This phenomenon was exploited in the past in order to tune the electronic properties of fullerides. In Table 1 Crystal symmetry, ND 3 content and transition temperature, detected either with in-situ or ex-situ manometric measurements, for the four phases assumed by (ND 3 ) y Li 6 C 60 on heating fact, cubic A 3 C 60 compounds are highly correlated metals, which are found close to a Mott-insulating transition (MIT); a slight increase of the lattice parameter, obtained by inserting ammonia molecules in such compounds, can hence profoundly affect their electronic behaviour, for example pushing-up the superconducting transition temperature of the metallic phase, or even driving the system towards a MIT. [37] [38] [39] However, to our knowledge, no research has so far explored systematically the ammonia-storage properties of these systems.
In particular, the lithium intercalated fulleride (NH 3 ) 6 Li 3 C 60 is known to be stable under ambient conditions and possesses a super-expanded insulating bcc lattice, which leads to the onball localization of the three electrons donated by Li to C 60 . 32 In such a system, two ammonia molecules are coordinated to each Li (see Fig. 2 le) and occupy the 24 g Wyckoff positions with half fractional occupancy. On the other hand, Li ions are in quasi-linear coordination with these sites, occupying at 25% occupancy the 24 g position (0.38, 0.41, 0), with the Li-N distance of $2.15Å, falling in the typical range observed in Li-NH 3 clusters. 29, 39, 40 Such an arrangement indicates a relatively high degree of disorder, suggesting that more Li could in principle be accommodated in the lattice. In fact, in this work we observe a similar bcc structure in the (ND 3 ) y Li 6 C 60 phase, with y ¼ 5-7 (phase 2), as shown in Fig. 2 . This system revealed to be stable in the temperature range 400-500 K during the desorption experiment and retains about half of the total amount of ammonia that can be stored in this system.
The hyper-expanded (ND 3 ) y Li 6 C 60 (see Fig. 3c ), with y ¼ 12, 14 (phases 0 and 1), shows a different structure, that to our knowledge has been never observed so far, and it is stable up to 350-400 K. Although a detailed structural analysis was not possible, due to the low crystallinity of this phase, for y ¼ 12 we managed to index all the observed reections to a hcp cell (see Fig. 2 le and Fig. 1S †) . The hcp-bcc transformation observed during the desorption process, when about half of the ammonia is released through an endothermic process, is not easily explained in terms of group-subgroup relationships, while it can be rationalized in the framework of the Burgers model. 41 Moreover, the hcp-bcc phase coexistence observed around 410 K suggests that this is a 1 st order phase transition.
Above 500 K, the bcc structure undergoes a further phase transition to cubic fcc (phase 3), which results as an ammoniafree phase (see Fig. 2 and 1S †) . During the NPD experiment, this transition was reached by evacuating the sample space; for this reason, the manometric/DSC measurements provided a slightly higher bcc-fcc transition temperature, of about 535 K.
It is worth noting here that this value is still far lower than the decomposition temperature reported by Durand and coworkers for (NH 3 ) 6 Li 3 C 60 , 29 which appeared stable up to 673 K. A higher thermal stability for (ND 3 ) y Li 3 C 60 was also evidenced by our NPD data, as for this phase the complete ammonia release was not reached under the accessible thermodynamic conditions (see in Fig. 2S †) . This suggests that the Li-NH 3 binding energy in these systems should be somewhat driven by the Li stoichiometry, as it is known that, on increasing the Li content, its ionization progressively decreases and, as an example, in Li 12 C 60 the charge transferred to C 60 is of only 6 electrons. 22 Specically, over the past years, the stability of the Li(NH 3 ) n (n ¼ 1-5) complexes was thoroughly investigated [42] [43] [44] in order to understand the unusual optical properties of alkali metals solvated in liquid ammonia; 45 in particular, the Li-N dissociation energies seem to strongly depend either on the number of ammonia molecules coordinated to the alkali atom, or to the charge state of the Li(NH 3 ) n cluster. 36 In our systems, depending on the amount of co-intercalated ammonia molecules, we expect the formation of Li(NH 3 ) n clusters with n ¼ 1-2, for which the calculated dissociation enthalpy range between 61.4 kJ mol À1 (n ¼ 1) and 46.1 kJ mol À1 (n ¼ 2) for the cluster in the neutral state, and between 169 kJ mol À1 (n ¼ 1) and 125.8 kJ mol À1 (n ¼ 2) for the cations Li(NH 3 ) n + . 36 Although a direct comparison with these data is not trivial, the DSC data collected on (NH 3 ) y Li 6 C 60 (see Fig. 3b ) suggest that the co-intercalation of the Li-ammonia clusters in the fullerene matrix is effective in bringing the Li-NH 3 binding energies towards lower values, probably due to the partial negative charge redistribution on the C 60 LUMO. In order to check the reversibility of the ammoniation process, the completely discharged Li 6 C 60 sample underwent a second treatment in liquid NH 3 , under the same conditions employed for the rst process. By comparing the weight of the sample before and aer the process, an increase of 14.8 wt% was again found and this corresponds to the nominal stoichiometry (NH 3 ) 6 .64 Li 6 C 60 . Therefore, the ammonia-storage appears partially reversible in this system. Laboratory XPD data indicated an improvement of the crystallinity in the ammoniated phase aer the second treatment, although a fraction of Li amide (peak at 2q ¼ 43 in Fig. 1S †) 46 also appears. This fact may be due to a partial Li segregation, as a metal, upon the NH 3 discharge, followed by the reaction of the bare alkali with ammonia during the second uptake. This process is expected to limit the reversibility of the ammonia absorption of this system. Further investigations are however required in order to better evaluate the robustness of this system upon cycling.
Conclusions
The known ability of Li fullerides to co-intercalate ammonia was investigated thoroughly, with the aim to evaluate their possible applications in the eld of energy-storage. Li 6 C 60 is found to absorb up to 14 ammonia molecules per C 60 , corresponding to the notable value of 36.8 wt% ND 3 (equivalent to 31.2 wt% NH 3 ) stored. This value slightly exceeds the hydrogen equivalent of 5.5 wt% which corresponds to the DoE goal for 2015. 3 The hyper-ammoniated phase is stable at room temperature and the complete ammonia release was reached in two main steps, respectively at 350-410 K and 500-540 K, thus falling in a convenient temperature window, if compared with other known ammonia-storage systems. The comparison between the experimental desorption enthalpies for the two processes and those calculated for the dissociation of the Li(NH 3 ) n clusters (n ¼ 1-2) suggests that the co-intercalation of the Li-ammonia clusters in the fullerene matrix is effective to bring the Li-NH 3 binding energies towards values more suitable for applications in the eld of ammonia-storage.
